The grating division-of-amplitude photopolarimeter ͑G-DOAP͒ is an instrument that exploits the multiple-beam-splitting, polarizing, and dispersive properties of diffraction gratings for the time-resolved measurement of the complete state of polarization of collimated broadband incident light, as represented by the four Stokes parameters as a function of wavelength across the spectrum. It is a compact, high-speed sensor that has no moving parts and is simple to install and operate. These characteristics make the G-DOAP well suited for in situ spectroscopic ellipsometry ͑SE͒ applications for monitoring and controlling thin-film processes. The design and performance of a prototype instrument are presented. Precise SE measurements, to Ϯ0.04°in and Ϯ0.1°in ⌬, are demonstrated in the 550 -940-nm wavelength range.
Introduction
Four-detector photopolarimeters have certain advantages relative to rotating-analyzer photopolarimeters. They have no moving parts, allowing extremely rapid measurements of the polarization state of light. They are complete polarimeters and yield four Stokes parameters, S 0 , S 1 , S 2 , and S 3 , or any four equivalent properties of analyzed light, such as the total intensity, the p:s intensity ratio, the p:s phase difference ⌬, and the degree of polarization P. Rotating analyzers yield the magnitude but not the sign of ⌬, do not yield the degree of polarization, and are less accurate than complete polarimeters in ellipsometric application to very thin films. Furthermore complete polarimeters are required for Mueller-matrix ellipsometry, which yields a complete description of the change in the polarization state of light on reflection from real surfaces.
There are at least three basic types of four-detector photopolarimeters. The four-detector photopolarimeter 1 ͑FDP͒ employs a sequence of four suitably oriented planar detectors that detect an incident beam of defined wavelength and reflect the beam onto the next detector in the sequence. The division-ofamplitude photopolarimeter [2] [3] [4] ͑DOAP͒ employs a single phase-shifting beam splitter and two Wollaston ͑or equivalent͒ polarizers to deliver monochromatic light to four detectors. Division-of-wave-front devices 5 are also employed, but they are less accurate than the division-of-amplitude device. The novel technology presented here is based on a polarizationstate sensor known as the grating division-ofamplitude photopolarimeter ͑G-DOAP͒. 6 -9 The G-DOAP is based on the multiple-beam-splitting, spectral dispersion, and polarization characteristics of light diffraction by gratings. It yields rapid and complete polarization-state measurements over a wide spectral range.
We describe the operating principles, construction, calibration, and testing of the prototype G-DOAP instrument and the specifications for spectral polarization sensing. The paper is presented in four parts: ͑1͒ introduction and technical background, ͑2͒ description of the prototype instrument, ͑3͒ results of measurements, and ͑4͒ discussion of results and future work. Additional information about related DOAP technology for measurements at discrete wavelengths is presented by Krishnan and Nordine. 3,10 -12 The key results demonstrated here are the following:
• G-DOAP can measure all four Stokes parameters of arbitrarily polarized light over a 550 -940-nm wavelength range.
• Stokes parameters are measured to an absolute accuracy of better than 0.01 over this wavelength range.
• Precision in measuring the azimuth and ellipticity angles is of the order of 0.1°. A spectral resolution of approximately 2-3 nm has been achieved.
• Full spectral measurements can be obtained at ϳ2 Hz ͑i.e., two full spectropolarimetric scans per second͒ or better.
• Calibration methods for the G-DOAP are fully developed.
A. Background of the G-DOAP Technology
The spectral characteristics of grating diffraction are well known and widely exploited in spectroscopy. Light incident on a grating is dispersed into a spectrum, enabling spectroscopy with a slit and grating rotation mechanism, or with a stationary grating and an array detector that intercepts diffracted light. The spectrum is usually measured with the fan-out of only one diffracted order, typically the Ϫ1 diffracted order. However, the existence of multiply diffracted and dispersed orders can be exploited to achieve simultaneous spectral and polarization measurements.
The polarization characteristics of the grating diffraction are less known and exploited. In general each of the orders of diffraction contains different information about the polarization state of the light incident on the grating. Therefore, by simultaneously measuring the spectra of four or more orders of diffraction, a grating spectrometer can be designed to yield the complete polarization state for the entire spectrum of light. In practice, polarizing elements are placed in front of two or more detected orders to enhance the sensitivity to the polarized state. Figure 1 shows the general concept of a G-DOAP instrument. A collimated light beam incident on the grating is dispersed into multiple orders that are detected by multiple linear array detectors. At least 4 orders are measured, and at least 2 orders require that polarizers be placed in the beam paths. 7 The four detected orders provide four independent projections of the unknown Stokes vector of incident light, and measurements of the spectra of the 4 orders allow the incident polarization state to be determined as a function of wavelength. In Fig. 1 we have included four polarizers that are placed in the four diffracted orders. Other requirements for unambiguous detection of the complete polarization state when a G-DOAP is used are described in Ref. 7 .
The relationship between the detected intensities and the incident polarization state is determined by a calibration procedure described in Section 3. The diffraction grating disperses light in each order ͑ex-cept the zero order͒, so that a single grating achieves polarimetric and spectroscopic discrimination of light. Thus the G-DOAP is well suited as a complete polarization-state detector of a spectroscopic ellipsometer. It can also be used as a spectropolarimeter in other applications such as particle-scattering measurements, Mueller-matrix measurements, and generalized ellipsometry.
The design of the prototype G-DOAP instrument described here employs a variation of the concept illustrated in Fig. 1 and is shown in Fig. 2 . This design employs a retroreflector that returns the zeroorder beam back to the grating, and the Ϫ1 and Ϫ2 orders of diffraction are measured for both the incident beam and the retroreflected zero-order beam. Two orders are detected on each array as shown in Fig. 1 .
B. G-DOAP in a Spectroscopic Configuration
Before this work the G-DOAP was not applied to polarization measurements over a continuum of wavelengths. When a collimated, broadband light beam strikes a grating, it is diffracted into multiple orders and dispersed within each order. The diffrac- Fig. 1 . Schematic drawing of G-DOAP showing the grating, incident and diffracted beams, linear array detectors, and polarizers. Fig. 2 . G-DOAP design implemented in the present research. The first diffraction produces two detected orders while the retroreflected beam produces two additional orders. The location of the arrays with respect to the common plane of incidence is also illustrated.
tion efficiency depends on the order number and is a function of wavelength within a given order, and these differences are readily absorbed into the instrument calibration. The angular characteristics of planar grating diffraction are described by the grating equation
Here i is the angle of diffraction of the ith order, is the angle of incidence ͑all angles are measured from the grating normal͒, is the wavelength of the incident light, and g is the grating period, which is equal to the inverse of the grating spatial frequency. Although there are several possible schemes by which the G-DOAP concept may be reduced to practice, we have chosen a specific design that accomplishes a compact instrument. The design of this instrument is described in Section 2.
G-DOAP Construction and Characteristics
A. Overall Design Figure 2 shows the G-DOAP design that we developed. The ͑collimated͒ incoming beam is incident on an Al-coated, asymmetric sawtooth ͑3.6°blaze angle͒, 150-groove͞mm diffraction grating at an incidence angle of 68°. A planar diffraction geometry is used and all diffracted orders are nearly in a common vertical plane. In these conditions the positive orders of diffraction are evanescent and only the zero and negative orders propagate. The first two negative orders ͑Ϫ1 and Ϫ2͒ are focused by a spherical mirror onto detector array 1. ͑A fraction of the Ϫ3 order also reaches the array.͒ The zero-order beam is retroreflected back onto the grating by using a partial ͑90%͒ reflector, and two additional negative orders are directed onto array 2. The spherical mirrors are slightly tilted so that the two arrays are displaced by 8°relative to the common plane of diffraction. Approximately 10% of the light striking the partial reflector is transmitted and focused onto a CCD camera. The image from the CCD camera and the entrance aperture allow precise alignment matching during calibration and measurements.
Four dispersed orders are delivered to the two linear array detectors. Dichroic sheet polarizers of specific orientations are placed directly over the detectors in the different orders. The alignment was performed by illuminating the entrance aperture uniformly while tilting and pointing the instrument such that the beam transmitted by the retroreflector was centered on the position sensor. The mechanical design assured that the return beam was coincident with the first-reflection zero-order beam. Figure 3 shows the locations of the different dispersed orders and the corresponding pixel-element numbers on a given array. Each array consists of 1024 pixel elements of 25-m width in the dispersion plane and 2.5-mm height. The optical design produces an identical distribution of wavelengths and orders on each array. The locations of the polarizers are also illustrated in Fig. 3 . There is an approximate 80-pixel gap between the first and second order to facilitate placement of the polarizers. The gap arises because the spectral range of light entering the G-DOAP is between 550 and 940 nm and the second diffracted order at 550 nm begins 80 pixels after the first diffracted order at 940 nm. This also reduces the effect of radiation scattered from the edges of the polarizers. We adjusted the spherical mirror supports to locate the spectra on the arrays by using a reference narrow-band interference filter in the beam path and adjusting the mirrors so that the spectral line was centered at the design pixel locations.
With a minimum design wavelength of 550 nm the second-order diffraction spectrum at ϭ 825 nm begins to overlap with the third-order diffraction beginning at 550 nm. The third-order blocking filter is designed to block the shorter-wavelength third-order light, and its placement is shown in Fig. 3 .
B. Pixel-Wavelength Relationship
Initial experiments with G-DOAP used an analytical relationship between pixel and wavelengths. However, subsequent experiments showed that use of a high-order polynomial function was an excellent way for the relationship between pixels and wavelengths to be described. Accordingly a series of narrow-band interference filters was placed in the light path, and the pixel numbers corresponding to the peak intensity for each case ͑in each order͒ were recorded. Typically a set of seven or eight well-characterized filters was used for this wavelength calibration procedure. The center wavelength of each filter was separately characterized with a laboratory spectrometer. A third-order polynomial of the n ϭ A 3 ϩ B 2 ϩ C ϩ D type was used, where n is the pixel number; A, B, C, and D are the polynomial coefficients determined from regression; and is the desired wavelength. Interpolation between adjacent pixels was used to account for the fractional pixel value returned from the polynomial function. The polynomial coefficients determined for the four diffracted orders are given in Table 1 . Figure 4 is a combined view of G-DOAP and the polarization-state generator that was used for calibration. A central optical breadboard holds the arrays, grating, and all the optics that make up the G-DOAP instrument. The instrument is supported by a translation and tilt assembly for alignment purposes. The optical components of the G-DOAP are two array detectors, one grating, two mirrors, a retroreflector, a CCD camera, and two folding mirrors that deliver light to the CCD camera. The optical path length to the CCD detector was long, providing high positioning sensitivity owing to the long lever arm. In the calibration mode a fraction of the light flux incident on the G-DOAP sensor was reflected at a small angle ͑Ͻ5°͒ by a beam splitter onto a reference detector. The output of the reference detector was used to normalize the array outputs during calibration.
C. Mechanical Design
The dimensions of the G-DOAP prototype sensor are as follows: length, 8 in. ͑20.3 cm͒ width, 6 in. ͑14.7 cm͒; and height, 6 in. ͑14.7 cm͒. Two timing cables, two video cables, and one signal cable are routed from the sensor to the digital signal processing ͑DSP͒ module.
D. Component Selection for the G-DOAP System
The G-DOAP system consists of the light source and calibration optics as well as the G-DOAP sensor and its electronics.
Light Source and Calibration Optics
All measurements were obtained with a 20-W tungsten-filament lamp. Arc-lamp sources were considered and were not used because of the large variation in intensity over the spectrum. Collimating optics achieved a beam divergence of ϳ0.8 mrad. The dispersion plane of the grating is vertical. In these conditions the G-DOAP received sufficient light to use integration times of ϳ100 ms for data readout from the array detectors. A larger horizontal divergence can be used within the G-DOAP without affecting the spectral resolution.
A Glan-Thomson crystal polarizer with very low beam deviation was used as the linear polarizer. The polarizer and the quarter-wave retarder ͑see below͒ were mounted in 0.001°precision rotation stages.
The most stringent requirement for the G-DOAP calibration is the use of a quarter-wave retarder ͑QWR͒ to measure the last column of the instrument calibration matrix F ͑see Section 3͒. It has been shown 13 that an ideal QWR is not needed to achieve an accurately calibrated polarimeter system. However, there are only a few achromatic QWR designs commercially available that operate over the entire wavelength range of interest.
The Fresnel rhomb is the most achromatic of all QWR designs. For the present work a fourreflection BK7 Fresnel rhomb from Halbo Optics was used. Although the rhomb does have some dispersion, the variation in retardance over the wavelength range of interest was sufficiently small that it could be used to calibrate the G-DOAP. However, rotation of the rhomb did cause some beam motion.
G-DOAP Components
Two different gratings with 150 grooves͞mm were tested. A ͑sinusoidal-profile͒ holographic grating was found to be unsuitable owing to a strong Wood's anomaly 14 in the 560 -640-nm region. A ruled and blazed grating was found to exhibit a less conspicuous Wood's anomaly. All the results presented here were obtained by using the ruled and blazed grating ͑away from the Littrow condition͒. Ruled and blazed gratings are common and inexpensive but generate faint ghost diffraction spectra owing to small variations in the groove spacing and can also yield greater intensity in high diffraction orders than the holographic gratings.
The linear detector arrays were two Hamamatsu 1024-element, 25-m pitch, 2.5-mm-high n-type metal-oxide semiconductor ͑NMOS͒ self-scanning photodiode arrays. These are the most expensive components of the G-DOAP.
Corning Polarcor glass polarizers were used. The average spectral transmittance and extinction ratio of these polarizers are shown in Fig. 5 . The rapid reduction in transmission and extinction are evident at the ends of the spectral region.
Two position sensors were used. The first was a quadrant detector. Later a CCD camera was em- ployed. The CCD camera provides a full image of the beam with good sensitivity for use in position detection and alignment.
E. Electronics, Timing, and Data Acquisition
Electronics and Timing
A DSP-based platform was used to perform array timing, data acquisition, and data transfer. The DSP system was designed and fabricated by Indus Instruments, Houston, Tex. A schematic block diagram of the various components of the DSP system is shown in Fig. 6 . The DSP generates timing pulses to drive both the arrays and the master clock, start and stop pulses, and all the clocks required by the arrays. The DSP board included 16-bit analog-to-digital converters ͑ADCs͒ for the array outputs and 12-bit ADCs for the outputs of the quadrant detector and a reference detector used during calibration. Digital outputs from the DSP board operated a mechanical shutter ͑placed in the light path͒ for background subtraction. The DSP board included sufficient onboard memory for temporary storage of as many as 100 scans of the array outputs.
The DSP allowed variable integration times and on-board averaging of the data. The integration times and averaging could be set dynamically from the host PC. For all the measurements reported here an integration time of 100 ms was used for three of the orders and an integration time of 300 ms was used for the other order. The integration times were cycled in rapid succession.
Future operation of the DSP could include a lookup table to convert the pixel position into a wavelength, storage of the instrument matrix at each wavelength, and direct conversion of the data into Stokes and ellipsometric parameters. These facilities would eliminate the need for a host PC to operate the system.
Data Acquisition
A serial communications scheme was used in the present work. Data transfer over the serial bus occurred in ϳ1 s. Incorporation of a Universal Serial Bus interface would reduce the data-transfer period to less than 20 ms.
Data were displayed in real time on a PC operating in Windows 98. A custom program was used for calibration, alignment, measurements, and other tests.
F. Typical Spectra
The spectroscopic polarization data from the G-DOAP consist of the two array detector outputs. Each array has 1024 pixels shared by two dispersed orders of diffraction, thus providing four intensity measurements at each wavelength. The dispersion in the second order is twice that of the first. The spectral resolution of the G-DOAP was limited by the divergence of the light beam incident on the grating to ϳ2 nm. The dispersion in the first order was slightly greater than 1 nm͞pixel and smaller than the spectral resolution.
Our convention refers to the first two orders of diffraction generated by the incoming light beam and detected at array 1 as orders 1 and 2 and the first two orders generated by the retroreflected light beam and detected at array 2 as orders 3 and 4. Figure 7 shows spectra obtained with the G-DOAP for incident light, which is linearly polarized parallel and perpendicular to the plane of diffraction as well as incident right circularly polarized light. The four different orders of diffraction are identified in each part of Fig. 7 . The Wood's anomaly occurs in the neighborhood of 625 nm and is most pronounced in the parallel polarization response, as expected. Note that the decrease in diffraction efficiency occurs in two of the four orders; fortunately neither order has zero or near-zero efficiency in the region of the anomaly.
Spectral resolution of the order of 2-3 nm was verified by locating the pixel positions of the different diffracted orders with incident monochromatic light at 633-, 685-, and 900-nm wavelengths obtained by inserting calibrated narrow-band interference filters in the light path.
G. Choice of Polarizer Azimuths
There are numerous orientations of the sheet polarizers that may be used in G-DOAP, but there are only a few orientations that provide a robust ͑nonsingular͒ instrument matrix and high accuracy in measurements of the polarization state at all wavelengths. The choice of polarizer orientation was narrowed by two independent methods. First, the Mueller matrix of each order was measured with a Muellermatrix ellipsometer at 532 nm, and the instrument matrix was numerically computed and optimized for different polarizer orientations. The second approach involved inspecting the results after the instrument response was measured without any polarizers and then making educated guesses. For all the research presented here the G-DOAP employed polarizer orientations of 90°in order 1, 45°in order 2, Ϫ45°in order 3 ͑first-order diffraction onto the second array detector͒, and 0°in order 4 ͑second-order diffraction onto the second array detector͒. A birefringent retarder sheet ͑140 nm of retardance͒ was placed over the polarizer for order 2. 
t , where t stands for the transpose. The response of the G-DOAP is given by four voltages ͑intensities͒, I ϭ ͓I 0 I 1 I 2 I 3 ͔ t measured by the four detectors on four orders of diffraction for a given wavelength. The intensities corresponding to a given wavelength from each of the orders yields the intensity matrix I, which is related to the input Stokes vector S through the instrument matrix F:
where F is a 4 ϫ 4 real matrix that is a characteristic of the instrument. If F is known, S can be calculated from I by using the inverse relationship:
Once F is known as a function of wavelength, the G-DOAP can be used as an analyzer in a spectroscopic ellipsometer. The measured Stokes parameters are related to the ellipsometric parameters through simple trigonometric functions that depend on the choice of incident polarization state. Any photopolarimeter, including the G-DOAP, measures the polarization state of light that is characterized by the four-element Stokes vector, consisting of the four Stokes parameters S 0 , S 1 , S 2 , S 3 . In practice, the normalized Stokes parameters ͑NSPs͒ S 1 ͞S 0 , S 2 ͞S 0 , and S 3 ͞S 0 are sufficient to describe the polarization state.
B. Calibration Procedure
Calibration of the G-DOAP is achieved by determining the 4 ϫ 4 real matrix F at each wavelength of interest. The calibration setup is shown in Fig. 4 . The calibration is completed by a two-step procedure. 13 During the first step of a calibration the retarder is removed and the polarizer is rotated through 360°of azimuth. The first part of the calibration determines the first three columns F 0 , F 1 , and F 2 of the instrument matrix F by inputting linear polarization states of azimuths ranging from 0°to 360°. The response of the G-DOAP can be written as 13
In Eq. ͑4͒ I͑P͒ is the four-element vector of normalized intensities for the four orders of diffraction. F 0 , F 1 , and F 2 are determined by a simple Fourier-type least-squares fit to Eq. ͑4͒ of the voltages ͑normalized by the reference detector voltage͒ obtained for each order intercepted by the G-DOAP. The second step of the calibration determines the fourth column F 3 by measurement of the response of the G-DOAP to right-and left-circular polarization states. The Fresnel rhomb QWR is inserted into the optical path and rotated to ϩ45°and Ϫ45°relative to the polarizer transmission axis to produce these states. The Stokes vectors for right-and leftcircular states are ͓1 0 0 1͔ t and ͓1 0 0 Ϫ1͔ t , re- spectively. The corresponding relationships for obtaining F 3 are
where RCP and LCP refer to the right-and leftcircular polarization states, respectively. Therefore F 3 can be obtained from
A separate consistency check on F 0 , the first column of F, is also obtained:
F 0 obtained from Eq. ͑7͒ should agree with that obtained from Eq. ͑4͒. In practice a multiplicity of nominally right-and left-circular states is generated by rotating the polarizer and retarder together to several optically equivalent positions and averaging the results. A total of 18 right-and left-nearlycircular states was used in the current work. The averaged results were used to compute F 3 from Eq. ͑6͒. Figure 8 shows typical results obtained in the first step of calibration for a wavelength of 700 nm. The symbols correspond to the measured intensities ͑nor-malized by the reference detector intensity͒ of the four individual orders versus the polarizer azimuth. The solid curves represent the least-squares fits to the curves represented by Eq. ͑4͒. The coefficients of the fits make up the first three columns of the instrument matrix. Equation ͑7͒ was then used as a consistency between the results obtained with linear and circular states. In practice the two measurements of F 0 always agreed within 2% or better over the entire wavelength range.
To evaluate the performance of G-DOAP as a function of wavelength, the F matrix is normalized according to
In Fig. 9 is plotted the elements in the second, third, and fourth columns versus wavelength over the range of interest. The reduced extinction ratio of the polarizers at both ends of the spectral range causes corresponding changes in the elements near 550 and 940 nm. Wood's anomaly 14 contributes to the variations near the 625-nm wavelength. A smooth variation in the calibration matrix elements with wavelength is observed over the entire spectral region. One measure of the polarimetric sensitivity of G-DOAP is given by the absolute values of the four normalized projection vectors 15 ͑NPVs͒ whose components are the nonunit elements in the four rows of the normalized matrix F n . Figure 10 shows the spectral dependence of the NPV magnitudes. The deviations of those magnitudes from unity are caused by the nonideal behavior of the dichroic polarizers and increase at the short-and long-wavelength ends of the spectral range.
The overall quality of the calibration matrix of the G-DOAP is assessed by computing the determinant of the normalized matrix F n . The determinant of this matrix determines the extent to which deviations in the intensity measurements couple into deviations in the derived Stokes parameters. Larger determinants produce smaller errors in the Stokes parame- Fig. 8 . Detector responses, normalized by the reference detector intensity, for the four diffracted orders versus the polarizer azimuth for a 700-nm wavelength: symbols, measured points in 20°p olarizer steps; curves, least-squares fits to the data described by Eq. ͑4͒. ters. 4 Figure 11 presents the determinant as a function of wavelength. These results suggest how the precision of measurements can be improved by changes in the instrument design. The decrease in the determinant near 550 and 940 nm is a direct result of the limited extinction ratio of the Polarcor polarizers at those wavelengths. The dip in the determinant around 650 nm is related to the Wood's anomaly and may be diminished by an appropriate grating design.
Note that the theoretical upper limit on the magnitude of the determinant is equal to 16͞3 1.5 ϭ 3.0792 ͑see the derivation in Appendix A͒. The maximum value of the experimental determinant in Fig. 11 falls short of this theoretical limit by a factor of 2. This result indicates that there is further room for optimization of the G-DOAP design.
C. G-DOAP Verification
The ultimate verification of the performance of the G-DOAP will be assessed by integrating the system in a spectroscopic ellipsometer and using it for realtime process control applications. Here we describe verification of the G-DOAP performance by using the calibration matrices obtained at each wavelength to measure laboratory-generated polarization states. The Fresnel-rhomb retarder was rotated through 360°to produce a continuum of linear, circular, and elliptical states from the linearly polarized state transmitted by the Glan-Thompson polarizer. When the retarder fast axis C rotates through 360°, with the linear polarizer fixed at the P ϭ 0 azimuth, the resultant NSPs are given by
The procedure was as follows. First, the outputs of the linear array detectors were measured over the given wavelength range as a function of the retarder fast-axis azimuth. Then the calibration matrices obtained above were inverted, and Eq. ͑3͒ was used to compute the Stokes parameters. The results were then compared with the polarization states determined by Eqs. ͑9͒.
Representative results from the rotating-C test at 700 nm are shown in Fig. 12 . The solid symbols are the NSPs, S 1 , S 2 , and S 3 , measured by the G-DOAP for retarder fast-axis azimuth steps of 10°. The curves are values predicted by Eqs. ͑9͒ for an ideal linear QWR. Clearly the data are close to the predicted values but some departures are observed. Figure 13 shows deviations of the NSPs from the predicted values for the same 700-nm wavelength. Since the retarder azimuths of C and C ϩ 180°are equivalent, one expects the deviations at these azimuths to be identical apart from scatter in the measurements. This is nearly true, although slight noncyclic trends with azimuth are also seen. The systematic variation of the deviations results mostly from imperfections in the retarder ͑in particular, deviation of the retardance from 90°͒ and also from beam-deviation errors. These deviations can be fitted with the imperfect-QWR model of Azzam and Lopez. 13 The solid curves in Fig. 13 are derived from the model applied to the present data. It is apparent from Fig. 13 that fits to ⌬S 1 and ⌬S 2 are quite good while fits to ⌬S 3 are not as good. This arises because the model 13 for ⌬S 3 does not have as many parameters as for ⌬S 1 or ⌬S 2 and does not contain a dc term.
The model also provides a measure of the retardance of the QWR. The actual retardance that we obtain with this model is plotted versus the wavelength in Fig. 14 and is compared with the calculated dispersion of retardance of the BK7 Fresnel rhomb, which is shown by the dashed line. Although the model retardance shows the general trend of falling off as the wavelength is increased, there is a systematic upward shift in the estimated retardance value of ϳ1.2°and some fluctuations of retardance with a wavelength of the order of Ϯ0.3°. A line showing a linear fit to the experimental data is included for clarity. Figure 15 shows the average absolute value of the deviations of the NSPs as a function of wavelength. The data in Fig. 15 were obtained by summing the absolute values of the residual deviations of the data from the model fit ͑see Fig. 13͒ for each wavelength and taking the average value. If one excludes the short-and long-wavelength ends of the spectrum, it is apparent that most of the deviations fall below 0.01. There are also some higher deviations near 775 nm caused by light scattering from the edge of the orderblocking filter.
D. Spectroscopic Ellipsometry Measurements
If the input polarizer is fixed at ϩ45°with respect to the plane of incidence in an ellipsometer, the ellipsometric parameters and ⌬ are unambiguously obtained ͑including the signs͒ if all four Stokes parameters of light reflected from the sample surface are measured. The ellipsometric parameters are then given by
(11) Figure 16 shows the ellipsometric spectra of and ⌬ as obtained by spectroscopic ellipsometry that employs G-DOAP as the polarization-state detector from an oxidized Si wafer ͑a SiO 2 layer thickness of ϳ913.7 nm͒ at a 75°angle of incidence. The least-squares fit to the data in Fig. 16 yields a film thickness of 913.5 nm. 
E. Precision Measurements
To assess the precision of G-DOAP in the measurement of the Stokes parameters and consequently of and ⌬, a series of experiments was performed with laboratory-generated polarization states. The precision is determined primarily by the precision of the intensity measurements. The data-acquisition system was set to acquire 50 sequential measurements at high rates and with no signal averaging. The intensities were recorded and normalized for each wavelength by the intensities recorded in the first set of measurements. Figure 17 gives the distribution of the NSP values at a 700-nm wavelength for the case in which the signal levels on the arrays were optimal. From these results we estimate the standard deviation to be of the order of 0.0006, 0.0010, and 0.0013 in S 1 , S 2 , and S 3 , respectively. The measured Stokes parameters were used to extract the values of and ⌬. To estimate the precision in and ⌬, two separate experiments were performed in which the overall light intensity was varied by adjusting the light intensity. Two cases were analyzed:
Case 1: Signal level on order 2 was 90% of full scale; signal levels on orders 1, 3, and 4 were at ϳ20% of full scale.
Case 2: Signal levels were 45% of the signal levels in case 1.
Measurement of the NSP requires measurement of four different orders on two different arrays to extract the Stokes parameters. Thus the noise characteristics of each array contribute differently to the overall precision. The noise on array 2 was somewhat larger than the noise on array 1. The approximate noise standard deviation on array 2 was Ϯ7 mV, while it was Ϯ5 mV on array 1. Taking the smallest signal on array 2 and correspondingly the largest noise value, we can compute an approximate ͑or effective͒ electronic signal-to-noise ͑S͞N͒ ratio and compare it with the approximate standard deviation of and ⌬ for the two cases of large signal ͑case 1͒ and small signal ͑case 2͒.
The results are in Table 2 , assuming that the precision is determined purely by photometric precision and furthermore that the smallest signal on array 2 dominates the precision. While this assumption will not be strictly accurate, there is a more refined method to assess the precision of the data, the analysis of Brudzewski. 4 We have chosen not to employ this method here since only an estimate is needed.
The second case in Table 2 is not a realistic measurement situation, since three out of the four signals were less than 10% of full scale and the maximum S͞N ͑electrical͒ is only 100. We believe that the noise floor can be reduced by factors of 2-3 so that and ⌬ precision better than Ϯ0.05°will be possible over the entire wavelength range. Signal averaging ͑not used in the present work͒ could also be employed while a data rate of one to two full spectroscopic ellipsometry measurements per second are maintained. In these conditions the G-DOAP offers a precision in and ⌬ measurements of 0.1°or better over the entire wavelength range. Table 2 shows that the S͞N values change by a larger amount at smaller wavelengths when the total intensity is reduced. This difference resulted from the method used to reduce intensity; i.e., the lamp power was reduced so that the intensity changed by a greater fraction at smaller wavelengths than at larger wavelengths.
The standard deviations in and ⌬ increase near the ends of the spectrum. The deviations increase because ͑1͒ the signal levels decrease and ͑2͒ the determinant of the instrument matrix decreases. The precision can also be increased by reducing the electrical noise in the detectors. The 7-10-mV noise represents a maximum electrical S͞N of only 1000:1. The sources of the noise are discussed in Section 4.
In summary the G-DOAP has a reproducibility of and ⌬ measurements of the order of 0.1°. The precision ͑and the absolute accuracy͒ in and ⌬ are independent of the value of or ⌬, and the precision is determined purely by photometric considerations.
Discussion

A. Accuracy
The accuracy of the G-DOAP is determined by the accuracy with which it is calibrated, and this involves measurements with rotating polarizers and retarders. Since the retarders contain imperfections, the accuracy cannot be established by assessing the deviations in the rotating-C test, although it is known 13 that a perfect retarder is not necessary to obtain an accurate calibration. Independent assessment of the G-DOAP accuracy will be obtained by taking measurements on well-characterized reference samples.
Given that the crystal linear polarizer used in calibration is nearly ideal, the deviations relative to the predicted values for the NSPs may be used to estimate an absolute accuracy over the wavelength range. Based on an average deviation of 0.005 in the NSP over the wavelength range of interest, we estimate that the absolute accuracy of the G-DOAP based on polarimetric measurements alone is ϳ0.1°i n and ⌬.
B. Precision
The results from a series of precision measurements show that the repeatability of G-DOAP measurements of and ⌬ values for a relatively low S͞N ͑in the range of 100 -200͒ is Ϯ0.1-0.2°. The precision can be improved by signal averaging, by using a brighter light source, increasing the light collection efficiency, and reducing detector noise. At present the integration times were ϳ400 ms ͑total͒, and this would permit a total data rate of approximately two complete spectroscopic ellipsometric measurements per second. If the overall light level were increased by a factor of 4, the precision could be increased by a factor of 2 by averaging the signal and keeping the data throughput the same.
The measurements were done with a beam of rather small divergence from a relatively lowbrightness light source. We can also achieve increased intensities without reducing the spectral resolution by increasing the length of the slit at the light source. This change would increase the horizontal divergence of the beam received by the G-DOAP but would not change the divergence in the plane of diffraction.
C. Sources of Noise
Three sources of noise were identified: broadband noise from the array boards, clock noise, and detector dark current noise. Our data show the difference in the noise level of one array board compared with the other in spite of the two boards having identical gains in the optical-amplifier stages. We estimate that the overall background noise level can be reduced to ϳ3 mV ͑a reduction of a factor of 2͒. This reduction would permit electrical S͞N values of 300:1 for signals at 10% of full scale, a typical minimum signal that may be encountered in real measurement circumstances. Figure 3 showed the layout of the various orders on the detector arrays and the order-blocking filter that prevents overlap between the Ϫ3 order in the 550 -627-nm region with the Ϫ2 order of the 825-940-nm range. One problem yet to be overcome is the scattering of light at the edge of the blocking filter. This scattering gives rise to a deterioration in performance in the vicinity of 775 nm ͑Fig. 15͒.
D. Order Blocking
E. Control of Light Source
In calibrating G-DOAP the intensity measurements were normalized by the total intensity received by the instrument. This was accomplished by the reference detector, as illustrated in Fig. 4 . There is one additional requirement that was not controlled in the calibration, i.e., that the lamp spectrum not change during the calibration measurements. Although a highly regulated lamp power supply was used, it was not demonstrated that the lamp output was constant. Changes in the lamp output would result from changes in the filament temperature, and these changes would be larger at small wavelengths than at large wavelengths. Therefore normalization of the G-DOAP measurements by the total intensity is not strictly correct.
F. Future Research
In the present paper we have provided a detailed description of the design and performance of the G-DOAP instrument. It will be followed by papers on application of this instrument to ellipsometric measurements on thin and thick oxide films on silicon wafers and in Mueller-matrix ellipsometry. The research has identified design issues for further development of this instrument technology, which include ͑1͒ changes to the mirror assembly to increase the precision with which the spectra are located and fo-cused on the array detectors, ͑2͒ improvements of the DSP code to permit real-time integration switching, ͑3͒ PC board level improvements to the array electronics to reduce broadband electronic noise, ͑4͒ evaluation of higher brightness light sources, ͑5͒ evaluation of trade-offs between size, spectral resolution, and the precision and accuracy of polarizationstate measurements, and ͑6͒ the use of multiple gratings in a design strategy that would allow measurements only in first order and eliminate the need for order-blocking filters.
